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ABSTRACT

This work depicts the preparation of boron-doped graphene (BG) and its

application as bi-functional electrode material for both the supercapacitors and

lithium–sulfur (Li–S) battery. Structural, morphological, and elemental analyses

of the prepared material were acquired via X-ray diffraction, Fourier transform

infrared spectroscopy, Raman spectroscopy, Scanning electron microscopy, and

X-ray photoelectron spectroscopy, respectively. BG worked well in superca-

pacitors as a capacitive electrode, featuring a high specific capacitance of 239

F g-1 at a current rate of 1 A g-1 and high capacity retention of 85% over 10,000

charge/discharge cycles with average coulombic efficiency of 99.5%. In addi-

tion, the sulfur/boron-doped graphene (SBG) binary composite was prepared

via melt diffusion method and used as the positive electrode material in Li–S

batteries. BG is effective polysulfide adsorbent and its sheet-like structure

accommodates more content of sulfur, which restricts the shuttle effect and

volume changes of active material during cycling. The SBG composite shows an

initial discharge capacity of 1355 mAh g-1, and it retains the discharge capacity

of 636 mAh g-1 over the 50 cycles. The present work demonstrates that BG is an

efficient electrode material for energy storage applications.
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1 Introduction

The evolution of mankind in the last decades has

seen depletion of the fossil fuels as there is intensifi-

cation in the consumption of energy globally. The

escalation in the risk of climate change, air pollution,

and global warming calls for profiteering sustainable

energy sources [1, 2]. Thus, mankind is in need of

high capacity stable energy storage systems. Super-

capacitors and lithium–sulfur (Li–S) batteries are

potential energy storage devices, with wide range of

application [3–5]. However, both these systems have

their pros or cons which require further modification

in electrode material.

Attributable to its excellent cycling stability, high

power density, and fast charge/discharge ability,

supercapacitors are an outstanding way to store

energy and favor sustainable development [6–8].

Electric double-layer capacitor (EDLC) and faradic/

pseudo-capacitor are two classifications based on

their charge storage mechanism. Since they EDLC

mechanism involves only surface of electrode mate-

rials, they can store low energy density

(\ 10 Wh kg-1) and can deliver a very high power

density (above 10 kW kg-1). Even though batteries

exhibit high energy density, they have lower power

density compared to supercapacitors [9, 10]. Con-

sidering the implicit virtue of high theoretical specific

capacity (1675 mAh g-1), high energy density

(2600 Wh kg-1), its ampleness in nature, and non-

toxicity of sulfur, lithium–sulfur batteries (LSBs) are

currently gratifying substitute for lithium-ion batter-

ies [11–15]. Withal, the challenges like dissolution

and shuttling of lithium polysulfides (LPSs), insulat-

ing nature of sulfur and lithium sulfides, and lower

stability of Li metal anodes hinder the practical

implementation of LSBs [16–20]. Hence, it is

inevitable to improve the conversion kinetics of

polysulfides.

High electronic conductivity, electrolyte ion acces-

sibility, excellent mechanical durability, and com-

mendable chemical stability favor the usage of

activated carbon, graphite, graphene, and carbon

nanotubes in energy storage systems [21]. Porous

carbon materials jointly aid the electrochemical

reactions of supercapacitors and batteries, since they

shorten ion diffusion path and buffer charge/dis-

charge volume charge. Graphene appealed the

researchers’ interest with mechanical and chemical

stability, high electrical conductivity, and larger

specific surface area [22]. On employing pristine

graphene as electrode material in energy storage

devices like supercapacitors, its performance is

afflicted with less specific capacitance. Hence, it is

necessary to optimize the oxygen-containing surface

functionalities and morphological properties through

surface modification in order to improve electro-

chemical performance of the material [23]. It is seen

that carbon materials depicted improved electrical

and surface properties and also electrochemical per-

formance of the material is enhanced on introducing

sulfur (S), nitrogen (N), boron (B) and phosphorus

(P)—heteroatoms [24–27]. Recently electrochemical

analyses of doped graphene with several heteroatom

dopants such as N, S, P, and B have been reported

[28]. By doping on graphene material, it can profi-

ciently alter their electronic structure and intrinsic

properties, and affecting the chemical reactions at

interfaces, ensuing improved electrochemical perfor-

mance of the material [29]. Theoretical investigation

displays the prospect of lowermost potential barrier

for lithium diffusion on B-doped graphene compared

to other doped graphene [30, 31]. For Li–S batteries

and supercapacitors, boron-doped carbon is an

assuring electrode material which improves the

conductivity and also the presence of pores enwraps

the elemental sulfur. Moreover, when compared to

N-, S, and P-doped graphene, the B-doped graphene

has lower electronegativity which restrict the shuttle

effect of polysulfides and enhance the performance of

LSBs. Also, B-doped graphene has high conductivity,

creates more number of active sites and good

mechanical strength, resulting in improved capacity

and better cyclability in a LSB cathode [29, 32, 33].

Apart from this, the interaction of polysulfides with

oxygen functional group of graphene results in dif-

fusion of polysulfide; this can be prevented by using

boron-doped carbon as electrode material. Superca-

pacitor conjoined with batteries is an outstanding and

viable solution to provide power peaks for starting,

accelerating, and stopping electric vehicle.

In this work, boron-doped graphene has been

prepared and used for battery and supercapacitor

applications. Owing to the property like large surface

area and layered structure, graphene can easily

accommodate the sulfur particles and thereby reduce

the volume expansion. The properties of B-doped

sites are expected to be altered due to the low elec-

tronegative property of boron [34]. The active sites,

thus, created have affinity towards polysulfides and,
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hence, alleviate shuttle effect. This work demon-

strates boron-doped graphene can be a promising

electrode material, providing a high specific capaci-

tance when used in supercapacitors and sulfur com-

posite in Li–S battery for energy storage and

conversions.

2 Experimental procedure

2.1 Preparation of B-doped graphene

For the preparation of boron-doped graphene (BG),

1 g of GO and 0.5 g of boric acid (H3BO3) were sub-

jected to grinding for about 30 min and were trans-

ferred to quartz boat for heat treatment. The boat was

placed at midst of parallel quartz cylinder inside a

high-temperature furnace. The temperature was set

to 500 �C for 1 h and further raised to 700 �C for 1 h

at an increasing rate of 3 �C/m in argon atmosphere.

Further, the sample was allowed to cool until it

reached room temperature to obtain BG. Boron atoms

get doped into the vacancies created by the removal

of oxygen groups or defects in the structure of

graphene.

2.2 Preparation of sulfur/BG (SBG)
composite

The SBG composite was prepared by melt diffusion

method. Initially, 70 wt% of elemental sulfur and 30

wt% of boron-doped graphene were taken and

manually mixed for 1 h using mortar and pestle.

Then the mixture was shifted to crucible and heat

treated at 155 �C for 20 h under argon atmosphere.

The sample was then cooled down to room temper-

ature to obtain the final product.

2.3 Materials characterization

X-ray diffraction (PANalytical XPERT-PRO with Cu

Ka radiation), Fourier transform infrared spec-

troscopy (Thermo Nicolet 380 Instrumentation Cor-

poration and KBr Pellets), and Raman spectroscopy

(STR Raman spectrophotometer, SEKI focal (Japan))

techniques were used for analysis of structural and

functional group vibration of the prepared binary

composites. The surface morphology of the prepared

composites was determined by scanning electron

microscopy (ZEISS). X-ray photoelectron

spectroscopy (XPS, Theta Probe AR-XPS system) was

performed to analyze the chemical composition of the

prepared samples.

2.4 Electrode preparation
and electrochemical measurements

The supercapacitive performance of the BG electrode

was evaluated in three-electrode system at room

temperature using electrochemical workstation (Bio-

Logic instrument SP-300). For the electrode prepara-

tion, active material (BG), super P a conductive

additive, and PVdF as binder are taken in the weight

ratio of 80:10:10 and mixed with N-methyl-2-

pyrrolidone (NMP) solvent to form homogeneous

slurry. Then the slurry was coated on Ni foam and

dried at 80 �C under vacuum. The coated sample was

used as working electrode, and Pt and Ag/AgCl as

counter and reference electrode. 2 M KOH solution

was used as an electrolyte. The cyclic voltammetry

(CV) and galvanostatic charge/discharge (GCD)

analysis were taken in the potential range of 0–1.0 V.

The coin-type cells (2032) were fabricated in an Ar-

filled glove box, using lithium metal as anode,

polypropylene sheet as separator, and 1 M lithium

bistrifluoromethanesulfonyl imide (LiTFSI) contain-

ing 0.05 M LiNO3 in 1,2-dimethoxyethane/1,3-diox-

olane (1:1, V/V) as electrolyte for Li–S battery. Active

material (SBG composite), super P, and polyvinyli-

dene fluoride (PVDF) in N-methyl-2-pyrrolidone

(NMP) solvent with a weight ratio of 7:2:1 were

pulverized to form slurry and was coated on alu-

minum foil which was dried in vacuum oven at 60 �C
for 1 day. Thus, procured film was pressed into cir-

cular shape with 12 mm diameter, which is used as

positive working electrode. Cyclic voltammetry and

galvanostatic charge/discharge tests were carried out

within a voltage range of 1.5–3.0 V using biologic

(BCS 815, France) battery tester.

3 Results and discussion

Phase structures of the BG and SBG composite were

examined using X-ray diffraction (XRD) technique.

XRD patterns of the pure sulfur, boron-doped gra-

phene and SBG composite are depicted in Fig. 1a. In

Fig. 1a, the pure sulfur diffraction peaks show stan-

dard sequence of orthorhombic sulfur (JCPDS No.

08-0247) with space group of Fddd. The GO
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diffraction peak (Fig. 1b) was centered at 2h = 11�,
corresponds to the typical (002) plane and originated

owing to oxygen functionalities. After heat treatment,

the GO peak entirely deduced due to the deoxidiza-

tion of GO, whereas the BG (Fig. 1c) exhibits broad

peak at 2h = 25� which corresponds to the (002)

plane. The diffraction pattern of SBG composite is

concurrent with that of sulfur as shown in Fig. 1a.

The functional group vibrations of the prepared SBG

composite were determined using Fourier Transform

Infrared Spectroscopy (FTIR). Figure 1b shows the

FTIR spectra in the range of 4000–400 cm-1. The

boron-doped graphene and SBG composite show

broad and intense peak in the range 3400–3100 cm-1

representing the O–H stretching vibration. The peak

located at 782 cm-1 as seen in FTIR spectra of BG

belongs to the vibration of epoxy groups. The peak at

648 cm-1 can be assigned to the O–B–O bond [35].

The asymmetric vibration of C–H is the reason for the

presence of infrared bands at 1454 and 1434 cm-1,

and the symmetric C–H vibration can be ascribed to

the presence of peak around 1190 cm-1. The band at

1633 cm-1 and 2359 cm-1 can be attributed to the

bending vibration of O–H and existence of atmo-

spheric CO2 [13].

Figure 2 shows the Raman spectra of the prepared

BG and SBG composites. Both the spectra exhibit two

well-known D and G bands. The D band observed at

1345 cm-1 denoting the disorderliness in the struc-

ture of BG. The G band at 1583 cm-1 is the charac-

teristic peak associated with the graphitic structure of

BG [36, 37]. The intensity ratio is calculated to be (ID/

IG) of 1.06 for BG and 1.08 for SBG, which indicates

the presence of more defects on the prepared

Fig. 1 a XRD patterns of pure sulfur, boron-doped graphene, SBG composite; b FTIR spectra of the as-prepared BG and SBG composite

Fig. 2 Raman spectra of the as-prepared (a) BG and (b) SBG

composite
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composite [38]. The presence of carbon in the pre-

pared SBG composite is evident from the above

results. The surface morphology of the prepared

samples were analyzed using scanning electron

microscopy. In Fig. 3a, b, crumpled sheets of BG

sample can be seen, before the addition of sulfur.

After sulfur infusion into BG (Fig. 3c, d), the same

wrinkled structured could be observed. It confirms

that the layered structure of BG sheets easily

accommodates the sulfur particles, which may

restrict the volume expansion of active material

during cycling process.

The chemical composition of prepared samples are

analyzed using XPS technique. Figure 4a illustrates

the survey spectra of SBG. The existence of B1s, S2p,

and S2s peaks in SBG composite indicates effective

doping of boron and sulfur combination in the as-

prepared sample. The survey spectrum shows C1s

and O1s peaks at 284.0 and 531.0 eV, respectively.

The deconvoluted B1s spectra (Fig. 4b) exhibited

peaks at 191.2 and 192.6 eV which can be attributed

to the presence of –BC3, –BC2O, and –BCO2 bonds

[39, 40], signifying boron atoms are attached to the

carbon matrix. The high-resolution S2p spectra

(Fig. 4c) display two main peaks of S2p3/2 and S2p1/2

at 163.9 and 165.1 eV, which indicates the presence of

C–S bonds in the composite [41]. From Fig. 4d, the

C1s spectra display 3 distinct peaks at 288.5, 285.9,

and 284.7 eV, which corresponding to the carbon

bonds in graphene structure with different chemical

environments. The narrow peak at 287.7 eV corre-

sponds to the C–C sp2-bonded graphite like carbon,

suggesting that the most of carbon atoms are agreed

in a conjugated honeycomb structure in the com-

posite [31]. From the XPS spectra, it is evident that the

amalgamation of heteroatom (B) into the SBG

structure.

Fig. 3 SEM images of (a, b) B-doped graphene; (c, d) SBG composite
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3.1 Supercapacitive performance

In this study, BG sample is tested as electrode

material for supercapacitor. The fabrication of elec-

trode is described in experimental section. The Cyclic

Voltammetry curve of BG electrode is shown in

Fig. 5a. The curves are recorded in the following

series of scan rate 10, 20, 40, 60, 80, and 100 mV/s.

The capacitance is obtained within the voltage win-

dow of - 1.0 to 0 V. A decrease in capacitance is

observed as scan rate is increased, which is due to the

declination in the ions diffusing into the electrode

surface. As the scan rate is increased from 10 to

100 mV/s, the capacitance is seen to decrease from

270 to 130 F g-1. Galvanostatic charge discharge

(GCD) curve is obtained for the current densities 1, 2,

3, 5, and 10 A/g. The triangular shape of GCD curve

(Fig. 5b) indicates pseudo-capacitive behavior of

supercapacitor with BG electrode. The capacitance

varies from 239 to 152 F g-1 as current density is

varied from 1 to 10 A/g. The BG electrode delivers an

outstanding capacitance and columbic efficiency

around 85 and 99.5% after 10,000 cycles as shown in

Fig. 5c. High capacitance with good cyclic stability

proves that BG is a potential electrode material for

supercapacitors.

Fig. 4 a XPS survey spectrum of SBG composite and deconvoluted spectra of b B1s, c S2p, and d C1s

J Mater Sci: Mater Electron (2021) 32:22760–22770 22765



3.2 Li–S battery performance

The electrochemical performance of the SBG binary

composite cathode for Li–S battery was further

examined. Figure 6a depicts the initial 2-cycle cyclic

voltammetry (CV) curves of the prepared cathode at

a scan rate of 0.1 mV s-1 with the potential range of

1.5–3.0 V. During cathodic scan, two reduction peaks

associated to reduction reaction of sulfur can be

observed. The peak at 2.22 V corresponds to the

transformation of elemental sulfur to higher-order

lithium polysulfides (Li2Sn, 4 B n\ 8) and the peak

at 1.97 V further transformation of higher-order to

lower-order lithium polysulfides (Li2S2 or Li2S)

[42, 43]. During anodic scan, only one oxidation peak

is observed at 2.5 V ascribed to the conversion of

lower-order polysulfides to elemental sulfur. After

the initial cycle, the second cycle CV curves of peak

currents, voltage potentials, and peak areas are

almost overlapped, which indicating that the SBG

composite has better reversibility. Figure 6b shows

the galvanostatic charge/discharge profile of the

prepared binary composite in the current rate of

0.1 C. From the charge/discharge profile, two well-

known reduction peaks and one oxidation peak was

observed, which is consistent with the CV curves

(Fig. 6a). The prepared SBG binary composite

Fig. 5 Electrochemical performance of BG electrode in supercapacitor: a cyclic voltammetry, b Charge/discharge profile at various rates,

and c capacity retention and coulombic efficiency at 5 A g-1 over 10,000 cycles
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cathode exhibits discharge capacities of 1355 and

1102 mAh g-1 for initial and 20th cycle, respectively.

From Fig. 6c, the SBG cathode maintains the dis-

charge capacity of 636 mAh g-1 with the average

coulombic efficiency of 90% over the 50th cycle. The

high initial discharge capacity of SBG cathode

demonstrates that the B-doping provides effective

conduction pathway in the sulfur electrode and the

utilization of active material is high. Moreover, the

doped B atoms can create more number of active

sites, as a result, which offered distinct ability to

chemical adsorption and alleviate polysulfides [39].

Further the SBG cathode was examined by rate

capability investigation with various current densi-

ties from 0.1 to 1 C as shown in Fig. 7. The composite

cathode exhibits a discharge capacity of 1355, 975,

644, and 418 mAh g-1 at the current densities of 0.1,

Fig. 6 Electrochemical performance of SBG composite cathode in Li–S battery: a cyclic voltammetry, b Charge/discharge profile at 0.1 C

rate, and c cycling performance and coulombic efficiency at 0.1 C

Fig. 7 Discharge capacities of SBG at varying rates from 0.1 C to

1 C
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0.2, 0.5, and 1 C, respectively. When the current

density was swapped to 0.2 C rate, the SBG cathode

maintains a discharge capacity of 818 mAh g-1,

which demonstrating that the structure of SBG cath-

ode remains stable even at high rates. The better

performance of BG, due to the positively polarized B

atoms, adsorbs the negative polysulfides which

deteriorates shuttle effect and enhances stability of

BG electrode. Moreover, while comparing the earlier

reported carbon-based sulfur composites, the SBG

composite exhibits better initial discharge capacity

[42, 44–48], as exposed in Table 1. From the electro-

chemical performances of supercapacitors and L-S

battery, the boron-doped graphene was promising

electrode for energy storage applications.

4 Conclusion

Concisely, boron-doped graphene was successfully

prepared and applied as progressive electrodes for

supercapacitors and efficient sulfur host for Li–S

battery cathode. BG deployed as an electrode in

supercapacitor gave high capacitance of 239 F g-1 at

1 A g-1 and high cyclic stability with enhanced

coulombic efficiency. Moreover, the prepared BG

adopted as sulfur host in cathode material of Li–S

battery, it exhibited the high initial discharge capacity

of 1355 mAh g-1 at 0.1 C. The adsorption capability

of BG with polysulfides effectively alleviates the

active material loss and shuttle effect, and the layered

structure of graphene sheets restricts the volume

expansion of active material during cycling process.

These results show that boron-doped graphene as

efficient electrode material for energy storage

applications.
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